INTRODUCTION
Lynch syndrome or hereditary nonpolyposis colorectal cancer (HNPCC; MIM 120435), is the most common colorectal cancer predisposition syndrome. It is an autosomal dominant disorder characterized by the development of cancers in the colorectum and endometrium, and to a lesser extent, cancers of the stomach, urinary tract, ovaries, small bowel and brain. Colorectal tumors from Lynch syndrome patients tend to be located in the proximal colon, have a better prognosis than sporadic colorectal tumors and are associated with distinct histological characteristics such as tumor-infiltrating lymphocytes, mucinous/signet-ring differentiation and/or a medullary growth pattern.
Germline mutations of the mismatch repair (MMR) genes MLH1 (MIM 120436), MSH2 (MIM 609309), PMS2 (MIM 600259) and MSH6 (MIM 600678) have hitherto been implicated in the Lynch syndrome. The MMR pathway has a central role in maintaining genomic stability by repairing DNA replication errors and signaling DNA damage caused by a variety of agents. Defective MMR results in microsatellite instability (MSI), characterized by an expansion or contraction of the number of tandem repeats that occur across the genome. MSI is a hallmark feature of Lynch syndrome, and is seen in about 85% of these tumors. 1 Germline MMR defects also lead to Muir-Torre syndrome (MIM no. 158320). Muir-Torre is characterized by tumors in the sebaceous glands or keratoacanthomas that are associated with one or more of the various visceral neoplasms, mainly colorectal, endometrial, urological and upper gastrointestinal neoplasms. Muir-Torre syndrome is associated with germline mutations in the MSH2 gene, and to a lesser extent with mutations in MLH1 and MSH6 genes. [2] [3] [4] [5] The human MSH2 gene is composed of 16 exons that span 934 amino acids. Similar to the other MMR genes, diverse sequence variants ranging from large insertions and deletions to missense mutations have been reported throughout the coding region of the MSH2 gene, and many of these are cataloged in the LOVD and MMR Variant Databases (http://chromium.liacs.nl/LOVD2/colon_cancer/ home.php and http://www.med.mun.ca/MMRvariants). 6 In this report, we describe a novel complex MSH2 germline mutation c.[1601_1661+92dup; 1591_1611del] identified in a family, which shows both Lynch and Muir-Torre syndromes. The unique nature of this mutation, together with several interesting clinical features seen in this family prompted us to carry out a detailed in vitro and in silico analysis of this mutation. Our analysis underscores the genetic complexity underlying cancer predisposition syndromes such as Lynch syndrome, and the importance of comprehensive molecular screening of patients/families eligible for diagnostic testing procedures.
MATERIALS AND METHODS

Selection of patients and families
Members of this kindred were referred to the molecular genetics laboratories as part of the Provincial Cancer Genetics Program for the assessment of the possible diagnosis of Lynch syndrome. Predictive genetic testing was offered to clinically affected and at risk subjects, with pre-and post-test genetic counseling as described previously. 7 In addition to complete follow-up information, clinical and histopathological data were collected retrospectively on all affected patients. Informed consent was obtained from all subjects and all studies were performed according to guidelines of the Ethics Committee of the University of Toronto.
Microsatellite instability and immunohistochemistry
Microsatellite instability (MSI) testing and immunohistochemical (IHC) analysis for MMR proteins were performed as described previously. 8 Matched normal and tumor DNA were assessed using a panel of up to five microsatellite markers as recommended by the National Cancer Institute. 9 Each case was designated as either microsatellite unstable (MSI-H; X30% markers unstable), microsatellite low (MSI-L; o30% markers unstable), or microsatellite stable (MSS; no unstable markers). IHC analysis of the respective MMR proteins was performed on formalin-fixed, paraffin-embedded tissues.
Mutation detection
Lymphocytes were isolated from blood samples using NH 4 Cl-Tris. DNA was extracted from lymphocytes using the Qiagen or saturated salt-out method as described previously. 10 DNA from patients, whose tumors showed deficiency for an MMR protein, was subjected to exon by exon sequencing of genomic DNA to screen for alterations in MLH1 and MSH2 on an ABI 377 DNA Sequencer (Applied Biosystems, Foster City, CA, USA). Exons 7 and 13 of MYH were also screened for the two common mutations Y179C and G396D (formerly Y165C and G382D). Sequence information of the coding region was derived from RefSeq NM_000249.2 (MLH1), NM_000251.1 (MSH2) and NM_001128425.1 (MYH). Sequence information regarding the intronic regions was derived from GenBank U41215.1 (exon 10) and U41216.1 (exon 11). PCR conditions and primer sequences are available on request.
Reverse transcription PCR
RNA extraction was performed using TRIzol according to the manufacturer's protocol (Invitrogen, Burlington, ON, USA). Reverse transcription PCR was performed according to standard techniques as described before. 10 To determine the sequence of RT-PCR products, the band of interest was excised and DNA was extracted by use of the QIAquick Gel Extraction Kit followed by gel electrophoresis (Qiagen, Mississauga, ON, USA). The DNA extracted was then sequenced according to the manufacturer's protocol.
Computational methods
The RepeatMasker (http://www.repeatmasker.org/) software was used to determine if sequences homologous to short or long interspersed elements (SINEs/ LINEs) were present in the regions of the complex rearrangement. To assess for tandem and inverted repeats the programs Mreps (http://mobyle.pasteur.fr/cgibin/MobylePortal/portal.py?form¼mreps) and Palindrome (http://mobyle. pasteur.fr/cgi-bin/MobylePortal/portal.py?form¼palindrome) were used. Default settings were used for all programs.
RESULTS
Clinical presentation and family history
The proband identified in our study was diagnosed with cancer of the recto-sigmoid colon at the age of 50. His colon tumor was found to be MSI-H, but showed intact expression of all four MMR proteins by IHC. This patient was later, at the age of 61, diagnosed with a sebaceous adenoma on his forehead and a clear-cell renal carcinoma of the right kidney. The clear-cell tumor was found to be MSS, as well as intact by IHC for all of the MMR proteins. The proband's family history met Amsterdam I criteria (Figure 1a) . The tumor characteristics and age of diagnosis for all known family members are summarized in Table 1 . The co-occurrence of sebaceous gland cancers, as well as keratoacanthomas with internal neoplasms typical of the Lynch spectrum is consistent with a diagnosis of Muir-Torre syndrome in this family.
In vitro molecular characterization Based on these observations this patient's DNA was screened for underlying mutations in the MSH2 gene. Exon by exon sequencing combined with long range PCR analysis revealed a 153 bp duplication of the region from c.1601 and continuing until 1661+92. Following this duplication, a 21 bp fragment from c.1591-1611 is deleted in MSH2 exon 10. The duplication event most likely happened before the deletion, because the duplication includes part of the deleted region (c.1601-1611). Based on this description this mutation can be referred to as c.[1601_1661+92dup; 1591_1611del] based on the most likely sequence of events that may have occurred. This complex mutation is illustrated in Figure 1b . RT-PCR analysis showed that the deletion of c.1591-1611 led to an in-frame 21 bp (seven amino acid) deletion in exon 10 of MSH2, and confirmed that the insertion in intron 10 was not part of the MSH2 transcript. Subsequent analysis has revealed that the proband's father, sister and daughter are also carriers of this complex germline mutation. The father's and sister's tumors are part of a spectrum of tumors seen in Lynch syndrome, confirming that the mutation segregates with the disease phenotype. Sequencing of the two MYH gene mutation hotspot regions also showed that the proband, his sister and his father were negative for the common mutations, Y179C and G396D (formerly described as Y165C and G382D).
Bioinformatic analysis
The region surrounding this mutation was analyzed for repetitive elements using the software RepeatMasker. Although no repetitive elements were found at the locations where the deletion or the duplication occurred, our analysis indicates that this mutation occurs downstream of a region that shows homology to the long interspersed nuclear element-1 (LINE-1/L1), L1P4 (c.1661+100 to 1661+194). To gain further insight into the molecular basis of this mutation, we carried out computer-based sequence analysis using Mreps and Palindrome to assess the region for tandem and inverted repeats respectively. No tandem repeats were identified in the vicinity of the mutation; however, the 5¢ break point for the deletion occurred within a 10-bp inverted repeat sequence (c.1586-1595) that is palindromic to an upstream sequence in intron 9 (from c.1510-18 to 1510-27).
DISCUSSION
We identified a complex mutation, c.[1601_1661+92dup; 1591_ 1611del] in exon 10 of MSH2 in this proband, that occurs upstream of an L1 sequence, LIP4. In addition, our analysis indicated that the 5¢ break point occurs within a palindromic sequence.
LINEs have been implicated in several germline mutations (reviewed in Kazazian and Moran 11 ). Previous reports document two large germline MLH1 deletions in which the break points mapped to an L1 element and nonrepetitive DNA sequence, respectively. 12 Viel et al., reported a 2454-bp deletion in MLH1, likely because of the recombination between two L1 elements in intron 2 and intron 3. 13 Interestingly, this allele with the MLH1 deletion was also characterized by a complex mutation delCCinsACATAGTA, which gave rise to a palindromic sequence in the proximity of the fusion site. It was proposed that the complex mutation delCCinsACATAGTA arose in the context of a repair process involving filing in and nick ligation as previously reported for the COL4A5 and COL4A6 genes in Alport syndrome. 14 In fact, deletions in the COL4A5 and COL4A6 genes were shown to arise by a diverse mechanism from resident L1 repeats. 14 Thus, it is plausible that the complex mutation in our proband arose as a result of a repair process that attempted to correct a large deletion deep within the intronic region. In addition, a previous report of a MLH1 complex mutation invoked a mechanism involving non-homologous end joining (NHEJ) during the repair of double-strand breaks. 15 NHEJ is one of primary mechanisms by which eukaryotes repair double-strand breaks. However, given that NHEJ uses little or no sequence similarity to re-join ends, it is a process that is prone to many errors. 16 Although there is no definitive evidence, it is also possible that this mutation arose in an attempt to repair a doublestrand break using NHEJ. However, further studies are needed to precisely identify if NHEJ is involved in this process.
The discovery of a palindromic sequence at the deletion break point is interesting, as a previous analysis showed that palindromic sequences flank 5% of all the deletions and insertions studied in the A novel MSH2 complex mutation S Perera et al p53 gene. 17 Of the sequences inserted or deleted between palindromes, 40% were found to be greater than 20 bp, compared with 12% of mutations flanked by tandem repeats. Thus, while the exact mechanism that led to the formation of c.[1601_1661+92dup; 1591_1611del] is unclear, it is evident that the features of this stretch of DNA likely contributed to the formation of this complex mutation. Several tumors of this kindred showed both MSI and MSS phenotypes. Furthermore, a subset showed MSI, but did not show MSH2 deficiency by IHC. This could be because the region recognized by the MSH2 antibody (c-terminal portion of the protein) was not sufficiently altered in these patients, consequently leading to an inconsistent immunohistochemical staining pattern. In addition, it is also possible that the in-frame deletion had minimal impact on the expression/stability of the protein. This is supported by the observation that this mutation maps on to the clamp domain of MSH2 based on the recently solved crystal structures of human MutSa (MSH2-MSH6 complex). 18 Based on these structures, this clamp domain is postulated to be involved in making thus far uncharacterized, nonspecific interactions with DNA. Therefore, this mutation likely decreases the efficiency with which MSH2 recognizes and binds to certain types of DNA mismatches, or the stability of these interactions; thereby affecting the efficient functioning of the MMR system, rather than the expression of the MSH2 protein. Another interesting feature of this family was the presence of tumors that were both MSS and intact for MMR gene expression by IHC. One possibility is that this complex MSH2 mutation did not affect MSH2 protein function and expression in a manner necessary to lead to MSI and/or loss of protein expression. Alternatively, it is possible that these tumors are sporadic in nature and not associated with the Muir-Torre/Lynch syndrome spectrum.
It has been approximated that 35% of tumors in individuals positive for the Muir-Torre Syndrome do not display instability of microsatellite repeats, which combined with other features of MuirTorre has spurred the speculation that at least two distinct forms of Muir-Torre exist. 19 The first subtype, which includes MSI-positive tumors, shares genetic and pathological features with Lynch syndrome. It is characterized by early-onset colorectal carcinoma and a strong family history of cancer. The second group of MSS or MMRproficient tumors shows later ages of onset and a less pronounced family history, and is likely because of genes that are not implicated in MMR pathway. The base excision repair gene MYH has been proposed to be a likely candidate gene that is mutated in these families. 19, 20 Biallelic inactivation of MYH can lead to an autosomal recessive form of inherited colorectal cancer known as MYH associate polyposis. A recent report describes the presence of sebaceous gland tumors in several individuals positive for germline MYH mutations. 20 Our analysis indicated that neither the proband nor his clinically affected family members carried the common germline MYH mutations. Furthermore, given the segregation of a complex germline MSH2 mutation in this family and the presence of a subset of MSI-H tumors, it is not likely that their colorectal tumors belong to the MMRproficient Muir-Torre category.
Another notable feature of this proband's family history is the presence of prostate adenocarcinoma. Although tumors of the urinary tract, specifically cancers of the renal pelvis and ureter are associated with HNPCC, prostate cancer is a relatively recent addition to the Lynch syndrome tumor spectrum. Prostate cancer has occasionally been described in HNPCC families and interestingly, the first observation linking MSI to prostate cancer was made in a Muir-Torre patient. 21 A recent study published by the German HNPCC consortium, found a correlation between prostate cancers and MSH2 mutation carriers, leading them to propose that this should be taken into consideration during clinical and genetic counseling of MSH2 mutation carriers. 22 In summary, the systematic characterization of this complex mutation in MSH2 using in vitro methods, followed by bioinformatic analysis has shed light on the complex molecular mechanisms underlying MMR gene mutations. The analysis of tumors from this kindred also highlights the challenges of using either IHC or MSI analysis alone, as an indicator of an underlying MMR gene defect. This is especially relevant as the diagnosis of Lynch syndrome relies primarily on the detection of germline defects in the MMR genes of these patients. 23 In addition, this case illustrates the importance of carefully evaluating and documenting rare genetic variations and their associated clinical symptoms to better understand Muir-Torre syndrome and its link with Lynch syndrome. As underscored by several previous reports, a single sebaceous adenoma can be the only clue that tips off the presence of colon cancer and the inherited predisposition to cancer. 24 Therefore, the systematic evaluation of families displaying Muir-Torre characteristics can have an important role in both the diagnosis and early detection of colon and other associated cancers.
